investigations will guide future efforts to develop more sophisticated diiron protein model complexes.
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Introduction
Understanding the role of metal ions in dictating protein structure and function is a central theme in bioinorganic research [1] [2] [3] [4] . In addition to the arsenal of modern physical techniques and instrumentation available for studies of biomolecules [5] , synthetic modeling has been pursued as a complementary method for understanding complex biological systems [6] . It provides a convenient simplification of elaborate macromolecules in a real, rather than a virtual, computational, platform [7] . By reducing a metalloprotein to its functional core, it is possible to learn the extent to which the chemistry that occurs at the metal center is predominantly a result of the inorganic component or a consequence of the protein complex as a whole. Synthetic modeling also provides an opportunity to access chemistry that has not yet been achieved using simple biological building blocks under ambient conditions. Some of the most remarkable transformations in nature, such as nitrogen fixation [8] [9] [10] [11] , water splitting [12] , and hydrogen production [13] , are performed by metalloenzymes under physiological conditions. Reproducing such chemical reactivity in an efficient manner has the potential not only to revolutionize the chemical industry but also to provide new sustainable sources of energy [14] . Finally, the synthetic challenges of modeling chemistry will push the limits of current synthetic methodology. Although natural product synthesis has been largely aided by an understanding of organic chemistry [15] , inorganic synthesis is not governed by the same set of well-defined rules [16] . Nature works at a kilohertz and requires, in many cases, first-row transition metals as active sites for catalysis. Controlling the kinetic stability and resultant nuclearity of metal centers using organic ligands comprises the single significant challenge in bioinorganic modeling chemistry.
Small-molecule metalloprotein mimics are prepared using one of two design strategies [4] . The biomimetic approach seeks to duplicate the active site structure as faithfully as possible, particularly in matching the identity and geometric arrangement of ligands in the primary coordination sphere. The bio-inspired approach, on the other hand, only requires that the synthetic model shares some common features with those of the protein core, unrestricted by the type or position of ligands coordinated to the metal center. For modeling studies, the former is preferred over the latter because biomimetic complexes more accurately reproduce the characteristics of the biological center under investigation.
Carboxylate-Bridged Diiron Proteins
Carboxylate-bridged diiron proteins are involved in essential physiological processes [17, 18] . Although their roles vary, the first step in their respective reaction mechanisms involves binding and activation of dioxygen. In hemerythrin (Hr) [19] , the O 2 molecule coordinates to a single iron site and acquires two electrons and a proton to generate a (hydroperoxo)diiron(III) unit (Scheme 1, top). This process is reversible and is the basis for O 2 transport in some marine invertebrates. Unlike hemerythrin, ribonucleotide reductase (RNR) [20] and bacterial multicomponent monooxygenases (BMMs) [21] consume dioxygen to perform catalytic reactions (Scheme 1, middle and bottom, respectively). Activation of O 2 by these enzymes leads to formation of (peroxo)diiron(III) or di(µ-oxo)diiron(IV) complexes that are capable of oxidizing organic moieties [22] [23] [24] [25] [26] . The high-valent diiron intermediate in the R2 subunit of RNR generates a tyrosyl radical that ultimately initiates the first step in DNA biosynthesis, conversion of ribo-to deoxyribonucleotides, whereas that in the hydroxylase component of the BMMs is responsible for inserting an oxygen atom into the C-H bond of hydrocarbon substrates. The most well-studied member of the BMM family is soluble methane monooxygenase (sMMO) [27] , which is unique for its ability to hydroxylate methane to methanol. Recent studies have revealed that other classes of enzymes containing carboxylate-bridged diiron motifs also exist in biology [28] [29] [30] .
These diiron proteins contain two iron atoms that are coordinated by imidazole and carboxylate residues, where at least one of the carboxylate groups bridges the two metal centers [17] . The structural similarities between the active sites of this protein family indicate that their functional differences are derived from variations in their Asp/Glu/His amino acid combinations and/or careful tuning of their tertiary and quaternary protein structures. Discerning factors that may contribute to their mechanism of action is an important goal in synthetic model studies [31, 32] .
The following is a chronological account of the strategies and tactics employed in our laboratory to prepare structural and functional mimics of diiron protein active sites. This work has evolved a rational basis for ligand design based on the findings that resulted from studies of the various model systems. The reader is referred elsewhere for more general reviews of synthetic modeling of carboxylate-bridged diiron proteins [31] [32] [33] [34] [35] [36] .
Ligand Platforms

Mononucleating, Polydentate N-Heterocyclic Ligands
The first successful attempt to prepare a mimic of the diiron core in Hr was achieved using hydrotris(pyrazolyl)borate (TP -) ( species resulted in irreversible dissociation to monoiron complexes [38] .
To access the asymmetric diiron center in Hr, the denticity of the capping ligand was reduced from three to two by using bis(1-methylimidazol-2-y1)phenylmethoxymethane (BIPhMe) ( 
Dicarboxylate Ligands
To increase the structural integrity of the carboxylate-bridged diiron center, several dicarboxylate ligands were explored as dinucleating platforms. [63] . When iron(II) chloride was used instead of iron(II) bromide in the preparation, a mixedvalent heptairon chloride cluster was isolated [64] . Owing to the complicated nature of the iron complexes of PDK 4- , no further studies were pursued using this ligand.
The more pre-organized dicarboxylate ligands XDK 2-and Ph 4 DBA 2-impart enhanced stability to their respective diiron complexes and allow detection of O 2 adducts at low temperature. A common problem with the dicarboxylate ligands, however, is that they do not prevent aggregation of the metal complexes into oligo-and polynuclear clusters [65] , an undesired reaction that is detrimental to the synthesis of accurate models. Furthermore, the conformationally rigid ligand framework may be a liability in terms of accessing oxygenated diiron species that could further react with external substrates. During the reaction cycle of many non-heme diiron enzymes, "carboxylate shifts," or changes in the binding mode of carboxylate units to the diiron centers [66] , are required for catalysis [67, 68] . Thus, devising a motif that incorporates such "flexible" carboxylate groups into a ligand framework is an important synthetic goal.
Terphenylcarboxylate Ligands
To reduce the geometric constraints of the ligand platform, bulky terphenylcarboxylates were employed. Unlike simple benzoates that form polynuclear clusters with iron [69] [70] [71] [93, 94] . Coordination of water to 23 most likely induces rearrangement from a paddlewheel to a windmill geometry, facilitating more rapid binding of dioxygen to the diiron center.
The iron chemistry of a variety of other monocarboxylate ligands was evaluated. When the steric bulk of the terphenylcarboxylate was increased using 2,6-bis(p-(tert-butyl)phenyl)-benzoate (Ar tBu CO 2 -), reaction with iron(II) salts afforded a tetrairon cluster [95] . When the steric demand of the carboxylate was reduced using 2-biphenylcarboxylate, an assortment of di-, tri-, and tetranuclear species was obtained [96] . Replacing the terphenylcarboxylate with 9-triptycenecarboxylate resulted in diiron paddlewheel complexes that could not convert to the more reactive windmill structure [97] . are effective in shielding against metal cluster assembly, they also contribute to excessive steric crowding at the diiron core, which prevents facile entry of external substrates.
Dinucleating Polynitrogen Ligands
Polydentate nitrogen donors are commonly utilized as ligands in synthetic modeling studies [31, 98] . Although these compounds provide a nitrogen-, rather than a carboxylate-rich coordination environment they are well suited for stabilizing kinetically labile first row transition metal ions. Efforts to mimic the syn, syn coordination of the bridging carboxylate in the active site of diiron enzymes led to use of a naphthyridine framework as a "masked carboxylate" [99] . sites bridged only by Asp and Glu residues in biology could supply up to two electrons without significant change in geometry.
Another polynitrogen donor compound, 1,4-bis(2,2ʹ -dipyridylmethyl)phthalazine (bdptz, (29) with no detectable intermediates. A bulkier derivative of bdptz was prepared to block the possible formation of tetranuclear species, but no remarkable oxygenation chemistry was observed with the diiron complex of this compound [104] .
Although the napthryridine and phthalazine bridged diiron model complexes are structurally robust, they do not exhibit the same O 2 reactivity observed in the diiron proteins.
Perhaps polydentate ligands with internal bridging units are too rigid to accommodate binding of O 2 to the diiron center.
Syn N-Donor Ligands
An important structural feature that has been difficult to reproduce in carboxylate-bridged diiron model complexes is the syn coordination of nitrogen donors relative to the iron-iron vector (Scheme 1) [31] . Despite the different arrangement of carboxylate ligands within the active sites of the BMMs, RNR, and related enzymes, ligation of the two histidine residues always occurs with syn stereochemistry [17] . To enforce the syn arrangement of nitrogen donors within a single ligand framework, two quinoline ester moieties were covalently attached using a diethynylbenzene linker, giving 1,2-bis( nitrogen-rich metal binding groups [109] . Only diiron(III) complexes, however, could be prepared from these ligands.
To obtain a kinetically more stabilizing platform, 2-phenoxylpyridine groups were attached to a 1,2-diethynylbenzene backbone [110] . Several other ligand designs based on the syn N-donor concept were also explored. An attempt was made to incorporate both a bridging carboxylate and adjacent amine moieties into a dinucleating platform using 1,8-bis(dimethylaminomethylethynyl)-3,6-di(tert-butyl)fluorene-9-yl-acetate (DAFA 2-, Table 1 ) [111] . Efforts to metallate DAFA 2-with iron(II) were unsuccessful, possibly due to a lack of pre-organization among the amine and carboxylate donor groups of the ligand. A two-component system was also proposed as a method to assemble diiron(II) model complexes. In addition to a syn N-donor, a "C-clamp" ligand with two endooriented dicarboxylate groups may enforce a doubly-bridging motif and form a hydrophobic pocket around the diiron center [112] . 
Macrocyclic Ligands
Macrocyclic ligands are excellent hosts for transition metal ions, as evident from numerous examples in biology [3, 4] as well as synthetic coordination chemistry [113, 114] .
Initial efforts to prepare a dinucleating macrocycle led to synthesis of a bis(terphenylcarboxylate) compound linked by 1,3-bis(aminomethyl)-4,6-diisopropylbenzene (MAr Tol CO 2 2-, Table 1 ) [115] . The endo-carboxylate groups in MAr Tol CO 2 2-were designed to bridge two iron atoms to form a pre-organized platform for binding of additional external ligands. The failure to complex MAr Tol CO 2 2-with iron, however, was attributed to either the flexibility of the ligand architecture or improper spacing provided by the phenylene linker.
An improved macrocyclic design was obtained with the compound PIM 2-( groups at the para position of the phenolate (Scheme 3). Having a more bulky platform would also allow smaller carboxylate ligands to be employed, which may facilitate dioxygen binding or substrate access to the diiron center. Unlike other platforms that have been investigated to date, the planar nature of the macrocycle allows for steric tuning of the diiron complex without obstructing access to the dimetallic center.
Concluding Remarks
The early years of synthetic modeling of carboxylate-bridged diiron protein active sites in our laboratory were characterized by use of simple chelating ligands to prepare structural mimics. Efforts to replicate the functional aspects of these proteins, however, required more elaborately designed ligands. The search for an ideal synthetic platform is complicated by a number of factors, such as the need for ligands that can complex two iron atoms to afford the desired coordination geometry, tune the ligand steric properties to prevent unproductive decomposition of reactive oxygenated species, and develop short and convenient routes to target compounds in significant quantities. Although there is no substitute for direct studies of biomolecules, the work described in this summary illustrates that investigations using synthetic mimics can provide insight into metallobiochemistry in ways that could not be achieved through other means.
Synthetic diiron modeling still offers many unexplored frontiers. One area of interest is understanding the chemical nature as well as the requirements for generating potent oxidizing diiron units. One strategy to access such chemically reactive species is to prepare diiron complexes that have optimally positioned functional groups to stabilize key transition states along the O 2 reaction pathway. Identifying which transition state structures to target can be aided by the use of quantum mechanical calculations [117, 118] . This concept has been successfully demonstrated in de novo protein design [119] [120] [121] , but has not yet been seriously applied to construct small-molecule protein models. Use of outer sphere coordination to influence the reactivity of metallocenters is well documented in biology [122] . For example, recent studies of toluene/o-xylene monooxygenase hydroxylase (ToMOH), a member of the BMM family,
suggest that a threonine residue in the second coordination sphere of the protein active site facilitates formation of a (µ-η 1 ,η 1 -hydroperoxo)diiron(III) species through proton transfer and hydrogen bonding to the coordinated dioxgyen ligand [123, 124] [126] donors to tailored-made dinucleating ligands [31, 127] and synthetic peptides [128, 129] . Although many of the diiron model compounds reported are structurally robust [31, 127] , they do not capture the unique coordination sphere of the bioinorganic unit of interest. Perhaps as a consequence of the incomplete match, the synthetic complexes do not typically exhibit the same reactivity profile as that of the diiron proteins [35, 130] . It is unlikely that every element of a protein active site, including the second coordination sphere, can be reproduced in a single model system. But given the extent of the synthetic methodologies available today, it should be possible to overcome many of the obstacles that have impeded the development of more sophisticated diiron protein mimics [32] .
Extensive reactivity studies utilizing molecular oxygen, hydrogen peroxide, alkyl peroxides, and oxygen atom transfer reagents with diiron model compounds have led to a much improved understanding of the oxidation chemistry that takes place in the active sites of carboxylate-bridged diiron proteins [32, 36] . For example, characterization of diiron(III,IV) and diiron(IV,IV) species in synthetic models [131] [132] [133] [134] has shed some light on similar high-valent states that are accessible within the diiron protein cores. These achievements help us to formulate possible reaction schemes that reconcile the biochemical data [17, 18] with the proposed biological mechanisms suggested by theory [67, 68, 135, 136] . Beyond the O 2 activation step, some synthetic systems are even able to perform catalytic hydrocarbon oxidation [34, 137, 138] . Although these reactions are typically not as efficient as those catalyzed by the bacterial monooxygenases, they represent a good start. The current challenge in diiron model chemistry is to achieve regio-and stereospecific oxidation of external substrates by non-"free radical" reaction pathways. Use of the earth-abundant molecule dioxygen, rather than other more reactive but environmentally less friendly chemical oxidants, to facilitate this chemistry is the ultimate goal. The tasks set forth for future researchers in biomimetic modeling are numerous and complex, but the advances that have been made over the past thirty years promise a future that is full of many exciting discoveries. anion of m-xylenediamine bis(Kemp's triacid)imide
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